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CHAPTER I
INTRODUCTION
A web is a thin, continuous, flexible strip of material such as paper. metal foil,
plastic film or textiles that is stored in the form of wound rolls. Web materials are flexible
and are, in most cases. assumed to be membranes, incapable of reacting to bending
moments.
Web handling is a process of transporting webs from an unwind station to a
rewind station where it may pa s through intermediate proces ing operations such a
coating or printing.
Winding is a process by which the web is wound on a rotating core into a roll.
Winding is an integral operation which takes place in almost every web-handling process.
During winding, several parameters including speed of web, web-line tension and wound
on tension are measured, monitored and controlled. The purpose is to achieve a desired
structure of a wound roll, which is to be made suitable for a particular application.
Parameters mentioned above are discussed in detail later in the chapter.
Winding machines are composed of a series of rollers placed in a particular
fashion in order to obtain a desired condition and structure of a wound roll. Th e roll r
are generally made up of aluminum, steel, or polymers with their surface machined to get
a desired coefficient of friction between roller and web. The web is made to pas over a
series of such rollers. These rollers are generally mounted on frictionless bearing
supports.
Web handling products are very important to consumers and ha become an
integral part of the life of every human being. The usage starts from a candy wrapper and
extends up to magnetic tapes. From the industrial standpoint, web handling has alway
kept engineers busy by offering challenges to balance the demand and supply of the
consumer market. With the growing needs of quantity as well as quality, researchers are
forced to enhance the performance of existing winding methods to increase the speed of
production and improve quality. This can be achieved by controlling the variables
associated with winding that limit the performance. The thesi explore the effect of orne
of the web characteristics on winding variables, during center winding with an undriven
rider roll.
When center winding with a rider roll, it is known that web ten ion, rider roll load
(often called nip load), and rider roll diameter affect the wound-an-tension (WOT). It has
been shown, as well, that at low nip loads the WOT increases in proportion to the nip
load. However, at higher nip loads, it has been shown that the WOT may become nearly
independent of nip load.
The purpose of this thesis is to investigate how web properties influence the WOT during
center winding. The properties studied include the coefficient of friction (m), the
tangential modulus of the web (Et) and caliper of the web.
Chapter two outlines studies done in the field on the effect of web characteristic
In center winding. In this literature survey, analytical and experimental approaches
towards formulation of wound-an-tension models are discussed.
Chapter three describes an experimental method adopted to establish the web
characteristics for center winding. It, also, gives a detailed de cription of the
measurement and control of various winding parameters during winding.
Results of the experiments are presented in chapter four. A database of the effect
of various web characteristics on wound-an-tension is produced for reference.
Chapter five states the conclusions deri ved from the experiment . It describes how
the derived database will help engineers to formulate better winding models for WOT.
Chapter six covers the Future Scope.
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CHAPTER II
LITERATURE SURVEY
Much research has been done in the field of nip mechanics to study the effect of
web characteristics on winding. Some of the works, carried out by Pfeiffer [1,2,3], Rand
and Eriksson [4], Good and Wu [5], Prabhakar [6] and Good, Wu and Fikes [7], are
mentioned in this chapter to give a brief idea of progress in the field and the need for
further research. A description of the terms frequently used is presented first.
Two types of winding are most commonly used in web handling, Center Winding
and Surface Winding.
2.1 Center Winding: In center winding, winding torque is applied to the core of the
winding roll. A nip roll is impinged into the winding roll (Figure 2.1). The nip roller
helps remove the trapped air between the wound-on layers and provide additional
tension in the web during winding. Change in the wound-an-tension can be achieved by
varying web line tension and load on the nip roller. When the web material are non-
permeabJe, air entrainment is not desired hecause it can result in poor quality of wound
roJls. Hence, by using a nip roller, entrained air can be squeezed out. Appl ication of
center winding involves calendering. [8,9]
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Winding
roll (driven) Nip roller (undriven)
Nip Load
Incoming web
Figure 2.1: Center winding with undriven nip
Winding roll
(driven by nip
roller)
Nip roller (driven)
Nip Load
t Incoming web
Figure 2.2 : Surface Winding
2.2 Surface winding: In surface winding, a driving torque is given to the nip rolL r
which transmits the winding torque to the winding roll by friction (Figure 2.2). Paper i
most commonly wound using the surface winding method.
Studies done in the area of nip mechanics indicate that in center winding, nip
induced tension is influenced by parameters such as nip load, nip roller diameter, winding
roller diameter, and the coefficient of friction between web and surface of the roller
[1,2,3,4,5,6,7]. While conducting research on mechanics of a rolling nip on paper webs
and internal pressures in a wound roll of paper, Pfeiffer [1,2] outlined how the nip force
was responsible for increasing wound-in-tension (WIT, the tension induced in the wound
layers of web) beyond the magnitude of web-line-tension in paper. However, Pfeiffer felt
a need for further experimentation in the winding of actual rolls of different web
materials.
Rand and Eriksson [4] designed and conducted experiments to study how nip, and
ill some cases multiple nips, impact WIT. They u ed small train gage tran ducers
imbedded within the paper webs and showed that as the web preceded around a wrapped
cylindrical surface approaching the nip, the web tension dropped to a minimum just prior
to the in-going side of the nip. They revealed that rolling nip elevated the tension on the
outgoing side of the nip to a level higher than the minimum tension or the original web-
carrying tension.
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Pfeiffer [3) designed and built an experimental winder to measure the effect of nip
force on kraft, newsprint and coated publication papers. Figure 2.3 is a schematic
diagram of the arrangement he used by employing a special web wrap and load cell
arrangement. This arrangement allowed the measurement of WIT; the tension in the web
after it has passed under the nip roller. Pfeiffer noticed that WIT was 1.5 to 2.5 pli more
than the web carrying tension (for a starting nip load of 20 pli). He observed that WIT
continued to rise slowly under constant nip force with an increase of roll diameter. A web
caliper effect was observed, which caused a slight rise in tension with an additive
component that varied as an inverse proportion of roll diameter. Pfeiffer noticed a rise in
system losses as the roll got heavier, causing a decrease in WIT which varied as inverse
of square of roll diameter. Pfeiffer used a x-y recorder to plot the WIT vs. nip force curve
and using these results, he derived a computer program to obtain a best curve fit equation.
These equations were the first WOT models but since they were empirically derived were
not generally applicable.
Good and Wu [5] presented results of analytical and experimental investigations
which provided the first basic understanding of the nip-induced-tension (NIT, the ten ion
induced in the wound layers of web solely due to the presence of a loaded nip)
mechanism in center winding. Figure 2.4 shows a schematic of the experimental set up
used by Good and Wu. The intent was to determine the source of mechanism of nip-
induced-tension. It was observed that, for each nip diameter, the saturated value of total
stress appeared to be linearly dependent upon nip loading. The experiments could explain
not only why the NIT reached saturation but could reveal what mechanism caused it.
7
WIT
load
cell
Web-carrying
tension
Nip-
loading
Ccylinder
Figure 2.3: Experimental Set-up used by Pfeiffer [3] for
measurement of WIT
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Good and Wu [5] used finite element methods for further investigation. The problem of
nip rolling over an elastic material was approximated as a Hertzian contact problem.
Based on all the experiments and finite element analysis, Good and Wu [5]
concluded that the mechanism that was responsible for NIT in wound rolls, was an
elongating machine direction strain which existed beneath the nip roll location on the
lower side of the web, which was in intimate contact with the wound roll. The elongating
strain was due to the compressive Hertzian-like contact stresses that existed through the
depth of the web beneath the nip roller. As this elongating strain advances with the
moving nip roll, web material attempts to advance in front of the nip and contract in
towards the nip in back of the rolling nip. If web material in back of the nip were
constrained, a net increase in web tension would have resulted due to the nip. The NIT
could not exceed the kinetic coefficient between outer wrap and the wrap beneath it
multiplied by the nip load.
Prabhakar [6] studied the effect of NIT on newsprint paper webs (E =800 k i). Figure 2.5
shows a schematic diagram of the experimental set up used by Prabhakar. His analysis
proved that the rate of nip-induced-stress depends on the nip diameter. The nip-induced-
stress increases at a faster rate and saturates quickly for smaller diameter nips, as
compared with larger diameter nips, with other winding parameters the same. It was
concluded that the saturated value of nip-induced-stress depends on nip load and nip
diameter, while the rate of nip-induced-stress depends on nip diameter.
9
DC Servo
Motor
Figure 2.4 Experimental set up used by Good and Wu [5].
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1. Nip Roller
2. Guide Rail
3. Linear Bearing
4. Drive Motor
5. Displacement
Transducer
3
5
~6
165"
6. Driving Belt
7. Strain Gage
8. Dead Weights for
Pre- tension
9. Carriage for fixing
Nip Roller
56"
Figure 2.5 Experimental set up used by Prabhakar [6].
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2.3 Research Objective:
The majority of the research has been done using newsprint paper, lightweight
coated paper and Kraft paper. There is a need to know the effect of the web
characteristics of other materials frequently used in the winding industry. The
characteristics are web caliper, modulus of elasticity and coefficient of friction and
winding parameters, such as web-line tension, nip roller diameter and nip load on wound-
on-tension. A database of these variables is needed for various materials uch as uncoated
bond paper, lightweight coated bond paper, heavy weight coated bond paper. polyester
and polypropylene.
2.4 Research Potential:
This study will establish a database that can serve as a ready reference to future
model designers. hy providing them with essential information on behavior of winding
- variables for different web materials in center winding. The experiments will give a
graphical representation of the nature of WOT and NIT on different web material .
12
CHAPTER III
EXPERIMENTAL SET-UP
3.1 Description of the set-up: The schematic of the set-up used for conducting winding
experiments is shown in Figure 3.1. The following section describes various parts of the
experimental set-up.
3.l.1 Unwind Station: This consisted of a shaft mounted on the vertical support plate,
through low friction bearings. A pneumatic coupling was mounted over the shaft which
secured the core of the unwind roll. (marked 1 in figure 3.1).
3.1.2 FIFE Guide: This was employed to prevent the lateral shift of the web, due to
misalignment of rollers in the set-up or irregularity of wind on unwinding roll. It
consisted of a sensor (marked 2h in figure 3.1) and an adjusting mechanism (marked 2a
in figure 3.1). The sensor sensed the amount of lateral movement of web and the guide
adjusting mechanism corrected the lateral web position.
3.1.3 Nip Roller: A nip roller (marked 3 in figure 3.1) was used to get a nip at the
winding roll. The roller was not powered. Three different sizes of nip rollers were used
for this research (2.5", 6" and 8").
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3.1.4 Angle of Wrap Adjustment Roller: The roller (marked 4 in figure 3.1) wa used
to get a constant wrap angle over the nip roller. For a different ize of nip roller diameter,
a constant angle of wrap of 180- could be maintained by mounting the roller into
appropriate slot. It is very important to maintain a constant wrap angle of 180- over nip
roller in order to study the effect of nip-induced tension. A wrap angle of 180- helps to
reduce the horizontal component of web-line tension to zero which otherwise would have
offset the nip load.
3.1.5 Nip Load: A nip load was applied to the nip roller using a pneumatic cylinder
(marked 5 in figure 3.1). The load cells mounted at each end of the nip roller monitored
the magnitude of load applied by the cylinder. A Digital Tension Readout (DTR) was
used to power the load cells and to read the output of the load cells. A LabVIEW routine
was then used to read the signal from DTR and to compare it with the value entered by
the user. Correspondingly, a signal would be sent to a relay, which was u ed to pre uflze
or drain the pneumatic cylinder if the nip load was low or high, respectively.
3.1.6 Winding Station: The winding station (marked 6 in figure 3.1) consi ted of a shaft
driven by an electric motor. The winding shaft could hold a steel core over which the web
was wound. The speed of the winding shaft decreases during winding a roll to maintain a
constant web speed. Web speed was maintained at 200 feet per min using a tach
generator. The tach generator sensed the web speed and provided a feed back signal to
the motor controller.
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2b"
DO
1
2a
1
Legends:
1 Unwind Station: Application of web-line ten ion.
2 Weh lateral motion guide
2a. Sensor
2b. Guide
3 Nip roller
4 Angle of wrap adjustment roller
5 Application of nip load
6 Winding Station: Winding roller
7 Web-Line-Tension measurement transducer
8 Web-line Speed measurement transducer
9 Wound-on-Tension measurement transducer
Figure 3. 1: Schematic Diagram of the Experimental
Set-Up
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3.2 Data Acquisition: Each winding parameter was measured using a transducer and
recorded by a PC using a data acquisition system. LabVIEW data acquisition software
was used to design the logical sequence required for the control of each parameter.
Recorded values were stored in a standard output text file that was used for plotting
graphs and further analysis. Details of each parameter measurements and its acquisition
are explained in the next article.
3.3 Measurements of Winding Parameters
3.3.1 Web-Line-Tension (Tw): Web-Line-Tension was applied by a magnetic hysteretic
brake on the unwind shaft. Tbe amount of tension required was entered by the user using
a speed-torque controller board (marked A in figure 3.2). Measurement of web-line
tension was accomplished using a load transducer at an idler roller (marked 7 in figure
3.1) and provided a feed back signal to the controller. This tension value was
continuously recorded by the data acquisition system and was available in an output file.
3.3.2 Web-Line Speed: Power to drive the web-line came from the winder tation
(marked 6 in figure 3.1). The motor at the winding station governed web-line speed. To
maintain a constant web-line speed, the effect of winding roll diameter had to be
eliminated. This was achieved by continuously measuring web-line speed at the station
marked 8 in figure 3.1. The measurement of the web-line speed is carried out a
explained in section 3.1.6.
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Figure 3.2 Photograph of Experimental Set-up
Taken at Web Handling Research Center, OSU.
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3.3.3 Nip Load: The nip was loaded with the help of a pneumatic cylinder. The amount
of desired nip load was entered by the user via a LabVIEW software interface. Nip load
was measured using a method as explained in section 3. 1.5. The software had a closed
loop control that used a feedback signal of a measured value of nip load and compared it
to the target value set by the user. Once the cycle started, the nip roller was loaded up to
the desired nip load.
3.3.4 Wound-On-Tension: To measure the WOT, the web was extracted away from the
surface of the winding roll after it had exited from the nip. It passed over an idler (roller
marked A in figure 3.1), 180- around the idler mounted on a load cell (roller marked B in
figure 3.1) and finally passed over another idler (roller marked C in figure 3.1) returning
to the surface of the winding roll. The WOT was measured at roller B. This value was
recorded by LabVIEW routine and was available in an output file.
3.4 Winding Procedure
3.4.1 Winding Path: The web was made to pass through a series of roller (Figure 3.1)
so that all the required measurement of winding parameters could be achieved. An
unwind roll is mounted on the unwind station. The nature of the experiment was
independent of the diameter of the unwind roll. However, the roll should have enough
material to record readings for at least 5 minutes of winding time. This took care of the
time that the web took to get into a steady state. The loose end of the roll was pulled by
hand and made to pass over all the rolls as shown in figure 3.1. Its end was then taped to
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the core on the winding shaft. The set up can be run, once the input parameters are fi d
into the software.
3.4.2 Input Parameters: A LabVIEW routine performed the data acquisition. Thi code
carried the required circuit block diagrams and instructions that measured and controlled
the winding parameters described in section 3.3. To run the experiment, data had to be
fed into the code by the user. These values were web-line speed in feet per minute, nip
load in pounds and desired web-line tension in pounds. Once all the parameters were set,
the guide point was set to Auto Mode and the program was executed. When nip load
reached the desired value, the motor was started and web-line tension was applied. The
program started recording all the data and was terminated after all the web material was
unwound from unwind shaft. The program then stored all data into an output file.
3.4.3 Combinations: A number of experiments were conducted to rudy the effect of
WOT in center winding for different nip roller diameters, different nip loads and different
web materials. Web materials include newsprint, uncoated bond paper (UCB),
lightweight coated bond paper (LWC) , heavy weight coated bond paper (HWC), ICI
polyester and Mobil polypropylene (MPP). Different nip roller diameter were used
including 2.5", 6" and 8" with nip loads varying from 15 Ibs. to 120 Ibs. Hence for each
web material, data were collected for 3 different nip rollers and a series of nip loads.
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3.5 Web Materials: Relevant properties of the web materials used are shown in Table
3.1.
Web Materials E( (psi) mk Thickness (in)
1 Heavy Weight Coated Paper (HWC) 1284000 0.45 0.0048
2 Light Weight Coated paper (LWC) 1098000 0.37 0.002
3 Uncoated Bond Paper (UCB) 1284000 0.4 0.0048
4 ICI Polyester (ICI_PE) 600000 0.28 0.002
5 Mobil Polypropylene (MPP) 270000 0.97 0.001
Table 3.1 Web Material Properties
20
CHAPTER IV
RESULTS AND DISCUSSION
The results plotted in this chapter are the mean of three winding trials. Confidence
intervals of the data are presented. The web materials used in the experiments (Table 3.1)
were 6 inches wide except for Mobil Polypropylene, which was 5 inches wid. A
constant web-line tension of 1 pound per linear inch (pli) was appl ied. In all the graphs to
follow, wound-an-tension (WOT) and nip-induced-tension (NIT) are mentioned in terms
of pli. A web-line speed of 200 feet per minute was maintained tor all the experiments.
Table 4.1 shows the tolerance levels with which the winding param t rs were
measured. These values are derived from the data acquisition plot shown in the
Appendix. It can be observed from the appendix that WOT increases by 0.5 pli over a
pile height of 2 inches for higher nip loads. In order to study the effect of WOT alone, an
average value of WOT is used for plotting all the graphs.
Winding Parameters Tolerance
Web-Line Speed ± 20 fpm
Web-Line Tension ± 0.2lbs.
Nip Load ± 0.6 pli
WOT ± 0.2 pli
Table 4.1: Tolerance on the measured winding parameters.
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4.1 WOT and NIT vs. Nip Load: WOT and IT ar plotted again t ariou nip I ads
and three different nip roBer diameters. Nip-induced tension was calculat d ba d on th
relation,
WOT=Tw+NIT .... (I)
where Tw is the web-line tension, which was kept constant (Tw = I pi i) throughout the
experiments. Each graph represents a particular material as discussed in Table 3. I and the
graphs are shown in Figure 4. I through 4.5. The trend-line shown in figures 4.] -4.4
indicates the low nip load region in which WOT increases linearly with nip load. Slopes
are calculated based on this region of low nip load.
Heavy Weight Coated Paper (2.5" Nip Roller)
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Figure 4.1 ea): WOT and NIT Vs. Nip Load for Heavy Weight
Coated Paper, for 2.5" Diameter Nip Roller. (Slope=O.29)
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Figure 4.1 (b): WOT and NIT Vs. Nip Load for Heavy Weight
Coated Paper, for 6" Diameter Nip Roller. (slope=O.22)
Heavy Weight Coated Paper (8" Nip Roller)
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Figure 4.1 (c): WOT and NIT Vs. Nip Load for Heavy Weight
Coated Paper, for 8" Diameter Nip Roller. (Slope=O.2)
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Light Weight Coated Paper (2.5" Nip Roller)
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Figure 4.2 (a): WOT and NIT Vs. Nip Load for Light Weight
Coated Paper, for 2.5" Diameter Nip Roller. (Slope=O.21)
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Figure 4.2 (b): WOT and NIT Vs. Nip Load for Light Weight
Coated Paper, for 6" Diameter Nip Roller. (Slope=O.2)
24
G
Light Weight Coated Paper (8" Nip Roller)
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Figure 4.2 (c): WOT and NIT Vs. Nip Load for Light Weight
Coated Paper, for 8" Diameter Nip Roller. (Slope = 0.16)
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Uncoated Bond Paper (2.5" Nip RoUer)
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Figure 4.3 (a): WOT and NIT Vs. Nip Load for Uncoated
Bond Paper, for 2.5" Diameter Nip Roller. (Slope=O.35)
Uncoated Bond Paper (6" Nip Roller)
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Figure 4.3 (b): WOT and NIT Vs. Nip Load for Uncoated
Bond Paper, for 6" Diameter Nip Roller. (Slope=O.34)
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-Uncoated Bond Paper (8" Nip Roller)
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Figure 4.3 (c): WOT and NIT Vs. Nip Load for Uncoated
Bond Paper, for 8" Diameter Nip Roller. (Slope=O.25)
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ICI Polyester Film (2.5" Nip RoHer)
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Figure 4.4 (a): WOT and NIT Vs. Nip Load for ICI
Polyester film, for 2.5" Diameter Nip Roller. (Slope=O.15)
ICI Polyester Film (6" Nip Roller)
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Figure 4.4 (b): WOT and NIT Vs. Nip Load for ICI
Polyester film, for 6" Diameter Nip Roller. (Slope=O.12)
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leI Polyester Film (8" Nip Roller)
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Figure 4.4 (c): WOT and NIT Vs. Nip Load for leI
Polyester film, for 8" Diameter Nip Roller. (Slope =0. 1)
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MOBIL Polypropylene Film (2.5" Nip Roller)
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Figure 4.5 (a): WOT and NIT Vs. Nip Load for MOBIL
Polypropylene film, for 2.5" Diameter Nip Roller.
MOBIL Polypropylene Film (6" Nip Roller)
Figure 4.5 (b): WOT and NIT Vs. Nip Load for MOBIL
Polypropylene film, for 6" Diameter Nip Roller.
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Figure 4.5 (c): WOT and NIT Vs. Nip Load for MOBIL
Polypropylene film, for 8" Diameter Nip Roller.
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4.2 WOT Vs. Nip Load (Superimposed with Nip Roller Diameter ): WOT i plott d
against nip roller diameter superimposed with different nip load. Th s graphs ar plotted
to study the effect of WOT with the increase in nip roller diarnet f. It can be ob erved
that the lower the nip roller diameter, the higher is the WOT induced in wound roll ,
figures 4.6-4.10.
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Figure 4.6: WOT Vs. Nip Load Diameter for Heavy Weight
Coated Paper, for various Nip Loads.
32
=
Light Weight Coated Paper
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Figure 4.7: WOT Vs. Nip Load Diameter for Light Weight
Coated Paper, for various Nip Loads.
Uncoated Bond Paper
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Figure 4.8: WOT Vs. ip Load Diameter for Uncoated
Bond Paper, for various Nip Loads.
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lei Polyester Film
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Figure 4.9: WOT Vs. Nip Load Diameter for leI Polyester
film, for various Nip Roller Diameters.
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Figure 4.10: WOT Vs. Nip Load Diameter for MOBIL Polypropylene
film, for various Nip Roller Diameters.
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4.3 WOT and NIT vs. Nip Roller Diameter: WOT and IT are plotted again t nip load
for different nip roller diameter, in Figures 4.11-4.15.
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Figure 4.11: WOT Vs. Nip Roller Diameter for Heavy Weight
Coated Paper, for various Nip Loads.
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Figure 4.12: WOT Vs. Nip Roller Diameter for Light Weight
Coated Paper, for various Nip Loads.
Uncoated Bond Paper
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Figure 4.13: WOT Vs. Nip RoUer Diameter for Uncoated
Bond Paper, for various ip Loads.
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Figure 4.14: WOT Vs. Nip Roller Diameter for leI
Polyester film, for various Nip Loads.
MOBIL Polypropylene Film
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Figure 4.15: WOT Vs. Nip Roller Diameter for MOBIL
Polypropylene film, for various Nip Loads.
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4.4 IT vs. ip Load (Confidence Le el): To erify the con i t nc of th r ults, all
the experiments were conducted three times. B considering a normal distribution of IT
data, average IT is plotted against ip Load for arious nip roll r diam t r . 95%
confidence levels were computed for each reading and w re sup rimpo d with th IT
vs. ip Load plot. It can be noted that confidence level band are narrow for all the
experiments conducted at less than 15 pli nip loads. A the nip load increase b yond 15
ph, the machine starts to lose its dynamic stability. However the machine is capable of
winding under nip loads of 40 ph with a reduced confidence level. Plot for Heavy
Weight Coated Paper are shown in figure 4.16. More plots for other materials ar
available in Appendix.
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Figure 4.16: 95% Confidence level superimposed on Average IT Vs Nip Load for
HWC Paper, plotted for various ip Roller Diameters.
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-4.5 Surface Roughness of Nip Rollers: The surface roughn s of th nip roll r as
measured to ensure that roughness was uniform across the roll width and that th
roughness of the nip rollers was comparable. prior to the winding tests. The nip roll w re
resurfaced with the intention that all three (2.5", 6" and 8" diameters) would have n arly
the same roughness. Roughness measurements were carried out using the Mitutoyo
Surftest Analyzer. Average roughness values (Ra) for all the nip roller were plott d
against length of the rollers and the graph is shown in figure 4.17. Mea urements were
taken along 6" of the roller length. Three sets of readings were taken around the
circumference of the rollers and average values were plotted in the graph (figure 4.21). It
can be observed from the graph that roughness values for all the three rollers were in the
range of 20 microinches. 2.5" diameter nip roller was found to be smoothest (49
microinches). Roughness values of 6" and 8" diameter nip rollers were fOLlnd close to
each other (60 microinches for 6" and 58 micro inches for 8" roller).
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Figure 4.17: Surface roughness (Ra) along ip Roller Length,
plotted for various ip Roller Diameters.
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The variation in surface roughness among the three roller is a 10 a can b
obtained with on-campus facilities. This was a concern becaus th objectiv was to
study the influence of nip roll diameter upon WOY. If the surface roughnes had been
radically different the experimental WOT data could have been influenced by both nip
roll diameter and by surface roughness and it would have been impossible to di cern th
effects of nip roll diameter and surface roughness independently without many additional
winding tests.
4.6 Coefficient of Friction between Web and Nip Roller Surface: After checking the
surface roughness friction tests were conducted using the capstan expression,
!J... = el'P
T2
...(2)
Where Tl and T2 are tensions in the web on either side of the nip roll. ~L is the cocrficient
of friction and ~ is the wrap angle. In these tests a dead weight was attached to one end or
a length of web as shown in figure 4.18. The other end was attached to a hand held lorce
gage. The web was wrapped about the roller in question, the roller was not allowed to
rotate, by some arbitrary wrap angle which was set at 1.57 radians in these tests. The web
was slowly drug over the roller surface and the average force required to maintain the
motion was recorded. Thus this is a measure of the kinetic coefficient of friction between
the two surfaces. Values obtained for different diameter rollers are shown in Table 4.1.
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Hand held
force gage
Nip roller
(fixed)
Dead weight
(2 lbs)
Figure 4.18: Schematic diagram of friction tests between nip roller and webs.
Material 2.5" 6" 8"
HWC 0.35 0.38 0.35
LWC 0.4 0.46 0.39
UCB 0.28 0.3 , 0.28
Table 4.2: Values of Kinetic Friction between Paper web materials
and Aluminum rollers for 90 degrees wrap angle.
Note that the 2.5" and 8" rollers yield essentially the same friction for three paper
materials. The 6" roller yielded a consistently higher result.
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4.7 Discussion: Results obtained from figures 4.1-4.4 show that there i a flS in WOT a
well as NIT with an increase in nip load for almost all web materials. This was, also,
observed by Pfeiffer [1,2,3], Rand and Erikkson [4], Good and Wu [5] and Prabhakar [6]
for newsprint material. The rate of increase of WOT and NIT decreases gradually with an
increase in nip load. However this effect is less prominent in Uncoat d Bond Paper
(figure 4.3) and more prominent in ICI Polyester films (figure 4.4). It can al a be
observed that NIT increases in proportion with WOT as per the relation mentioned in
equation (1). The nature of data points indicates that there is a constant rise in the WOT
and NIT with nip load. Such behavior is observed because the normal force applied by
nip is not enough to prevent the layers of paper from sl ippage. Slippage is predominant at
low nip loads. As nip load increases and a zone of stick begins to build in the contact
region, the WOT will increase less with nip load and at some nip load level the WOT
may become independent of nip load. This can be due to the coefficient of friction and
the internal pressure between the layers of web. For low friction materials such as IIW .
LWC, UCB and polyester, WOT increases linearly up to a nip load of2.5-10 plio tor high
friction materials this may occur at low nip loads (less than 2.5 pli for MOBIL propylene,
figure 4.5). However it is expected that this rising trend wi II gradually reduce whcn a
zone of stick. no slip, develops between the outer layer and the layer beneath.
Figure 4.6-4.9 summarize the effect of nip roller diameter on WOT. rigures 4.1 1-4.15
shows the effect of increase in nip load on WOT plotted against nip roller diameter. It can
be observed that for a particular nip load, WOT decreases with an increase in nip roller
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diameter. From figures 4.6-4.9 and 4.11-4.14 it i evident that the nip load i much mor
important in determining the WaT than nip diameter. Graphs of waT v . nip load hown
in figure 4.5, 4.10 and 4.15 indicate that MOBIL polypropylene i highly insen itive to
increase in nip load and nip roller diameter. There seems to b no incr a in WOT
beyond 2.5 ph of nip load. A nip load of 2.5 pli seem to be enough to prevent the
slippage in the polypropylene film layers. MPP films have the highest coefficient of
friction and the lowest caliper (refer table 3.1) of all the web materials used in thi
research.
Table 4.2 shows the slope of WaT vs. nip load plot for low nip loads. It can be
observed from table 4.2 that the WOT decreases with an increase in nip roller diameter.
Slope of WOT vs. Nip Load plot
Web Materials 2.5" 6" 8"
VCB 0.35 0.34 0.25
HWC 0.29 0.22 0.2
LWC 0.21 0.2 0.16
Polyester 0.15 0.12 0.1
Table 4.3: Slope ofWOT vs. Nip Load Plots.
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CHAPTER V
CONCLUSIONS
By conducting a series of winding experiments on live different web materials
(table 3.1), a database has been developed successfully which correlates various winding
parameters such as wound-on-tension (WOT), nip-induced-tension (NIT), nip load. web-
line-tension, and nip roller diameter. This database will serve as a source of experimental
data support, which can be used by future researchers for establishing winding models.
The following conclusions can be derived from the experimental study carried out in the
research.
1. It appears that web-line tension (Tw) directly affects WOT: In figures 4.6 through
4.9 it appears that the WOT would intercept the WOT axis at 1 pli, the web-line tension
(Tw). This may be the case as well for MOBIL polypropylene but tests were not run at
enough nip loads to provide proof.
2. High nip load and high coefficient of friction appear to limit the WOT: The light
weight coated paper (LWC) results shown in figure 4.7, the ICI polyester results shown
in figure 4.9 and the MOBIL polypropylene results shown in figure 4.10 support this. The
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LWC and ICI polyester results show a decreasing rate of increase of WOT with r spect to
nip load between 10 and 20 pli.The MOBIL polypropylene's WOT has p ak d at 2.5 plio
3. Nip ron diameter is much less significant than nip load in determining WOT: This
is evident in figures 4.6 through 4.10.
4. Increased nip roll diameter produces consistently less WOT: Thi
effect but this trend is consistently seen in figures 4.11 through 4.15.
not a larg
5. Over a range in nip load it appears that WOT and NIT are linearly proportional
to nip load: This is apparent in figures 4.6 through 4.9. Good [7] suggested the WOT for
centerwinding with an undriven nip should be of the form:
WOT = Tw + Ji" N ".(3 )
where WOT, web-Line tension (Tw), and I1Ip load (N) would have units of loree/unit
width. This would predict a slope of Ilk at low nip loads for the WOT versus nip load.
Reviewing the results of calculations of these slopes and comparing to the friction values
in Table 3.1 it is seen that the slopes are significantly less than ~lk lor those webs.
Good et aI's [7] work delivered this expression directly from pressures measured
within the wound roll. This indicates that the WOT measurement technique is an
interfering measurement.
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6. WOT measurements are very repeatable; The 95% confidence int rvals hown in
figure 4.16 and figures A-I, A-2, A-3 and A-4 in Appendix are proof of thi . However, it
can be noted that for all webs tested the confidence interval tends to increa with the nip
load. From experience it appears that this is due to the winding apparatus bing able to
sustain a steady nip load.
7. Caliper and Tangential modulus (Er) ofthe web does not have a significant impact
on the WOT: HWe, Lwe and Hwe all have simi lar El as per table 3.1. The coefficient
of friction is somewhat different but the web thickness (caliper) of DeB and HWe is
about 2.4 times greater than LWC. From figures 4.6 through 4.8 it is apparent that WOT
ofLWe is only marginally less than HWe and DeB.
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CHAPTER VI
FUTURE SCOPE
This work can now be applied to the design of more realistic WOT models. New
models should be designed which can incorporate winding variables such a WOT, nip
load, IT, nip roller diameter and web-line tension as well as material characteristics like
coefficient of friction, caliper and elastic modulus.
The WOT database created in this research C~lI1 be extended to surface winding
technique. Similar study can be conducted at different web-line speeds and at dirt-crcnt
web wrap angles at nip roller, to study their effects on WOT. Higher nip loads can be
used on paper webs to find out the magnitude at which WOT becomes independent or nip
loads.
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APPENDIX
MISCELLANEOUS EXPERIMENTAL RESULTS
AND DATA TABLES
Tables A-I through A-5 contain the actual results obtained from the winding experiments
conducted at Web Handling Research Center (WHRC). These tables are presented for a
ready reference for further data analysis. Graphs shown in figure A-I through A-4 are
plotted for nip-induced-tension (NIT) vs. nip load for 95% confidence levels for light
weight coated paper, uncoated bond paper, ICI polyester film and MOB£L polypropylene
film. Similar graph for heavy weight coated paper is shown in chapter four, figure 4.16.
Graphs of web-speed tension vs. roll radius for HWC and LWC paper (2.5"diameter nip
roll) are shown in figures A-5 and A-6 respectively. Graph of web-line ten ion v . roll
radius for HWC and LWC (2,S"diameter nip roll) are shown in ligures A-7 and A-8
respectively. Graphs of nip load vs. roll radius for HWC, LWC UCB and ICI polyester
(2.5" diameter nip roller) are shown in figures A-9-A 12 respectively. Graphs of WOT vs.
roll radius for HWC, LWC and UCB (8" diameter nip roller) are shown in figures A-IJ-
A 15 respectively.
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Material:
Web Tension:
Webline Speed:
Width of web:
Heavy Weight Coated Paper
61bs
200 ft/min
6 in
1
VI
N
Nip Wound-On-Tension (WOT) (lbs)
Load 2.5" Nip Roll 6" Nip Roll 8" Nip RolJ
(pli) Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean
2.50 1.25 1.33 1.13 1.24 1.19 1.16 0.87 1.07 1.15 1.15 0.86 1.05
5.00 1.98 2.00 1.95 1.98 1.61 1.53 1.44 1.53 1.48 1.48 1.22 1.40
10.00 3.45 3.32 ......... 3.37 2.83 2.66 2.85 2.78 2.32 2.32 2.65 2.43.J .:U
20.00 4.90 4.54 6.56 5.33 4.39 4.28 4.96 4.54 4.05 3.91 5.15 4.37
Table A-I: Experimental results for Center Winding of
Heavy Weight Coated (HWC) paper.
Material:
Web Tension:
Webline Speed:
Width of web:
Light Weight Coated Paper
6 lbs
200 ftlrnin
6 in
I
V\
....J
Nip Wound-On-Tension (WOT) (lbs)
Load 2.5" Nip Roll 6" Nip Roll 8" Nip Roll
(pH) Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean
2.50 1.51 1.53 1.52 1.52 1.28 1.30 1.40 1.33 1.26 1.28 1.30 1.28
5.00 2.07 1.65 2.31 2.01 1.63 1.69 2.00 1.77 1.60 1.59 1.80 1.66
10.00 3.00 2.97 3.38 3.11 2.56 2.72 3.10 2.79 2.21 2.21 2.74 2.38
20.00 4.22 4.00 4.71 4.31 4.02 4.32 4.68 4.34 3.29 3.82 4.40 3.84
Table A-2: Experimental results for Center Winding of
Light Weight Coated (LWC) paper.
Material:
Web Tension:
Webline Speed:
Width of web:
Uncoated Bond Paper
6lbs
200 ft/min
6 in
1
I
VI
.j:>.
Nip Wound-On-Tension (WOT) (lbs)
- - --- ----
Load 2.5" Nip Roll 6" Nip Roll 8" Nip Roll
(pH) Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean
2.50 1.17 1.15 0.98 1.10 1.24 1.30 0.79 1.11 1.14 1.22 0.66 1.01
5.00 1.62 1.76 1.95 1.78 1.80 1.79 1.73 1.77 1.60 1.72 1.40 1.57
10.00 3.82 3.55 3.85 3.74 3.85 3.80 3.44 3.70 2.78 3.02 3.21 3.00
20.00 5.80 5.76 7.12 6.23 4.91 5.00 5.77 5.23 4.91 5.14 5.49 5.18
- -----
Table A-3: Experimental results for Center Winding of
Ucoated Bond (UCB) paper.
Material:
Web Tension:
Webline Speed:
Width of web:
ICI Polyester Film
6lbs
200 ftlmin
6 in
1
Ul
Ul
Nip Wound-On-Tension (WOT) (lbs)
Load 2.5" Nip Roll 6" Nip Roll 8" Nip Roll
(pli) Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean
2.50 1.26 1.26 1.41 1.31 0.87 0.95 1.47 1.10 0.97 1.05 1.38 1.13
5.00 1. 71 1.73 1.94 1.79 1.41 1.53 1.76 1.56 1.32 1.36 1.71 ].46
10.00 2.43 2.42 2.57 2.47 1.77 1.63 2.54 1.98 1.71 1.75 2.29 1.91
20.00 3.44 3.45 3.30 3.39 2.89 2.64 3.43 2.99 2.89 2.77 3.51 3.05
Table A-4: Experimental results for Center Winding of
ICI Polyester Film.
Material:
Web Tension:
Webline Speed:
Width of web:
MOBIL Polypropylene Film
61bs
200 ftlmin
6 in
VI
0\
Nip Wound-On-Tension (WOT) (Ibs)
Load 2.5" Nip Roll 6" Nip Roll 8" Nip Roll
(pli) Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean Test 1 Test 2 Test 3 Mean
2.50 1.62 1.62 1.35 1.53 1.56 1.50 1.33 1.47 1.32 1.34 1.29 1.32
5.00 1.65 1.64 1.37 1.55 1.58 1.59 1.39 1.52 1.42 1.40 1.35 1.39
10.00 1.64 1.70 1.59 1.64 1.52 1.58 1.41 1.50 1.45 1.47 1.40 1.44
20.00 1.55 1.55 1.55 1.55 1.64 1.66 1.47 1.59 1.47 1.50 1.44 1.47
Table A-5: Experimental results for Center Winding of
MOBIL Polypropylene Film.
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Figure A-I: 95% Confidence level superimposed on Average NIT vs. Nip Load
for LWC paper, plotted for various Nip Roller Diameters.
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Uncoated Bond Paper (UeB)
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Figure A-2: 95% Confidence level superimposed on Average IT vs. Nip Load
for VCB paper, plotted for various ip Roller Diameters.
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ICI Polyester Film (ICI_PE)
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Figure A-3: 95% Confidence level superimposed on Average NIT vs. Nip Load
for rcr polyester film, plotted for various ip Roller Diameters.
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MOBIL Propylene Film (MPP)
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Figure A-4: 95% Confidence level superimposed on Average NIT vs. Nip Load
for MOBIL polypropylene film, plotted for various Nip Roller Diameters.
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Figure A-5: Web-line speed vs. roll radius, plotted for
HWC paper (2.5" diameter nip roll).
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Figure A-6: Web-line speed vs. roll radius, plotted for
LWC paper (2.5" diameter nip roll).
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Web-Line Tension Vs. Radius of Roll (HWC-2.5")
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Figure A-7: Web-line tension vs. roll radius, plotted for
HWC paper (2.5" diameter nip roll).
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Figure A-8: Web-line tension vs. roll radius, plotted for
LWC paper (2.5" diameter nip roll).
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Nip Load Vs. Radius of Roll (HWC-2.511 Nip Roller)
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Figure A-9: Nip load VS. roll radius, plotted for
HWC paper (2.5" diameter nip roll).
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Figure A-tO: Nip load vs. roll radius, plotted for
LWC paper (2.5" diameter nip roll).
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Nip Load Vs. Radius of Roll (UCB-2.5" Nip Roller)
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Figure A-11: Nip load vs. roll radius, plotted for
DeB paper (2.5" diameter nip roll).
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Figure A-12: Nip load vs. roll radius, plotted for
leI Polyester film (2.5" diameter nip roll)-
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Figure A-13: WOT YS. roll radius, plotted for
HWC paper (8" diameter nip roll).
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Figure A-14: WOT V5. roll radius, plotted for
LWC paper (8" diameter nip roll).
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Figure A-IS: WOT vs. roll radius, plotted for
DeB paper (8" diameter nip roll).
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